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Fifteen years ago, we reported that 
proto-oncogene MYC promoted 

differentiation of human epidermal 
stem cells, a finding that was surpris-
ing to the MYC and the skin research 
communities. MYC was one of the first 
human oncogenes identified, and it had 
been strongly associated with prolifera-
tion. However, it was later shown that 
MYC could induce apoptosis under 
low survival conditions. Currently, the 
notion that MYC promotes epidermal 
differentiation is widely accepted, but 
the cell cycle mechanisms that elicit 
this function remain unresolved. We 
have recently reported that keratino-
cytes respond to cell cycle deregula-
tion and DNA damage by triggering 
terminal differentiation. This mecha-
nism might constitute a homeostatic 
protection face to cell cycle insults. 
Here, I discuss recent and not-so-recent 
evidence suggesting the existence of a 
largely unexplored oncogene-induced 
differentiation response (OID) analo-
gous to oncogene-induced apoptosis 
(OIA) or senescence (OIS). In addition, 
I propose a model for the role of the 
cell cycle in skin homeostasis mainte-
nance and for the dual role of MYC in 
differentiation.

Myc and Differentiation

The proto-oncogene MYC is ampli-
fied in a variety of human malignancies. 
MYC regulates transcription; it was ini-
tially shown to drive proliferation, and its 
diverse functions have been thoroughly 
reviewed elsewhere (e.g., refs. 1 and 2). 
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MYC acts on the cell cycle in multiple 
ways.3 Notably, it induces the expression 
of positive regulators of S phase such as 
Cyclin D or Cyclin E, and it downregu-
lates cell cycle inhibitors such as p15INK4, 
p27KIP1 or p21CIP1.

The function of MYC in the cell cycle 
could readily account for its oncogenic 
capacity, but matters became more com-
plex when it was shown to drive apopto-
sis under growth-restrictive conditions.4-6 
MYC-induced apoptosis was proposed 
as a compensatory mechanism to limit 
MYC-induced tumorigenesis. Therefore, 
MYC has a dual effect on cell multiplica-
tion, positive and negative, by driving pro-
liferation and apoptosis, the final outcome 
depending on the balance between one 
and another, between cell survival factors 
and pro-apoptotic factors.

The role of MYC in differentiation is 
even more intriguing. Because MYC pro-
motes cell proliferation, it was thought to 
be incompatible with cell differentiation. 
Indeed, MYC has been found to inhibit 
differentiation of a variety of cell types 
when ectopically expressed7 and is critical 
in the maintenance of pluripotency,8 but it 
has also been shown to drive differentia-
tion (reviewed in ref. 2).

The epidermis of the skin is a para-
digm of MYC-induced differentiation.9-11 
Epidermis is a self-renewing stratified epi-
thelium. Keratinocytes proliferate within 
the basal layer, and after a transient phase 
of rapid proliferation, they initiate post-
mitotic terminal differentiation and 
migrate throughout the suprabasal lay-
ers toward the surface of the skin. The 
epidermis is the most frequent target of 
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The Epidermis Cell Cycle  
Paradoxes

Epidermal cell cycle progression and ter-
minal differentiation have been considered 
incompatible processes. Keratinocytes are 
thought to arrest cell cycle and cell growth 
in the onset of initiation of terminal differ-
entiation (Fig. 1A). This model, however, 
does not explain two key observations:

(1) Keratinocytes become larger as they 
differentiate,15 thus indicating that cellu-
lar growth continues.

(2) Benign hyperproliferative skin con-
ditions such as psoriasis, wound-healing 
or keratosis involve extension of prolifera-
tive layers (hyperplasia) and thickening of 
squamous differentiated layers (acantho-
sis or hyperkeratosis). Yet, the balance 
between proliferation and differentiation 
is somehow maintained in these lesions, 
with accumulation of both proliferative 
and differentiating cells. As a result, the 
structure of the tissue remains, even if its 
properties are altered (Fig. 1B).

If keratinocytes had to undergo cell 
cycle arrest prior to differentiation, then 
cell cycle hyperactivation would hamper 
differentiation (Fig. 1C). This was our 
rationale when we expressed MYC ectop-
ically in human primary keratinocytes. 
However, this is not what we observed. 
We were aiming for transcription factors 
with a role in the commitment to differ-
entiation. To our surprise, overexpression 
of wild-type MYC or conditional activa-
tion of MYCER (fusion protein with the 
binding domain of estrogen receptor) 
promoted epidermal differentiation.10 
MYC was driving stem cells into the dif-
ferentiation pathway, involving down-
regulation of cell adhesion molecules 
to the basement membrane (integrins) 
and a step of rapid proliferation. These 
events normally precede keratinocyte ter-
minal differentiation and stratification 
(Fig. 2A).

Our experiments on human primary 
keratinocytes in vitro were supported by 
studies on tissue-specific transgenic mice. 
Overexpression of MYC under various 
different basal or suprabasal promoters in 
mouse epidermis did not cause apparent 
apoptosis, but drove stem cells into differ-
entiation, thereby depleting the stem cell 
compartment.9,11,16 Regardless of whether 

However, what tells epidermis how many 
cells are being shed from the surface of 
the skin, for the basal layer to produce 
a similar number of cells? In the case of 
benign hyperproliferative conditions, how 
does the epidermis manage to maintain its 
equilibrium while avoiding tumorigene-
sis? The study of the cell cycle mechanisms 
promoting epidermal differentiation 
downstream of MYC might provide some 
clues. Herein, I shall examine some recent 
and old evidence for an oncogene-induced 
differentiation response in the epidermis 
and beyond.

cancer.12 Yet, considering that the skin 
is continuously exposed to mutagenic 
hazard, mainly solar UV radiation (UV) 
and the human papilloma virus (HPV), 
the clinical manifestations are relatively 
scarce.

The epidermis must have powerful 
mechanisms ensuring that the balance 
between cell multiplication and cell dif-
ferentiation is maintained. What are 
these mechanisms? Evidence of apoptosis 
has been shown in severely sun-damaged 
skin, and DNA repair must have an active 
role in maintaining genome integrity.13,14 

Figure 1. the traditional keratinocyte cell cycle model. Keratinocytes are thought to undergo cell 
growth and cell cycle arrest in G0 before terminal differentiation (A). However, the most frequent 
hyperproliferative skin conditions include thickening of differentiating strata (acanthosis or 
hyperkeratosis) (B). the G0 model would predict that a hyperproliferative stimulus would block 
differentiation, and this would easily result in a tumor (C). red are cells with the capacity to divide; 
green are post-mitotic terminally differentiating cells.
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the epidermis.29 The very first surprise was 
the striking accumulation of Cyclin E in 
differentiating layers. The second surprise 
was that most cells expressing mitotic 
Cyclin A or Cyclin B were within the first 
suprabal layers. The third surprise was to 
see that suprabasal layers were more active 
on DNA replication than the basal layer.

However surprising human epidermal 
endoreplication might seem, a careful 
study of the epidermal cell cycle behav-
ior does not provide evidence for a G

0
/G

1
 

arrest in differentiating cells, but rather 
against. For instance:

(1) Inhibition of the keratinocyte cell 
cycle in G

1
 did not efficiently induce dif-

ferentiation and in some cases (such as 
the overexpression of the cdk inhibitor 
p21CIP1), it even attenuated differen-
tiation (refs. 19, 30 and 31 and references 
therein).

(2) Primary keratinocytes differentiate 
from any phase of the cell cycle, and dif-
ferentiating cells do not accumulate in G

0
/

G
1
 but in G

2
/M.19,32

(3) As it occurs in natural hyperprolif-
erative benign skin disorders and in MYC 
epidermal transgenic mice, a variety of 
transgenic mouse lines overexpressing a 
cell cycle molecule in the epidermis dis-
played hyperplasia with hyperkeratosis 

Therefore, MYC was required for normal 
epidermal growth. This was consistent 
with reports showing a primary role for 
MYC in protein and ribosome biosyn-
thesis.24,25 Also consistently, partial dele-
tion of MYC in epidermis was reported 
to confer resistance to experimental skin 
carcinogenesis.26

Impairment of endoreplication and cel-
lular growth by MYC inactivation did not 
prevent mouse epidermis from differentia-
tion, but it affected stem cell renewal and 
skin regeneration. We have made similar 
observations after inactivating MYC in 
the liver27 or in the mammary gland.28

Human Epidermal Endoreplication

Does endoreplication take place in human 
skin? Despite that cell cycle regulation has 
been extensively studied in mammalian 
cells in the last decades, its relationship 
with differentiation in human epidermis 
is still unclear. We have performed exten-
sive studies of cell cycle dynamics, DNA 
replication and nuclear DNA content in 
normal human epidermis of skin from 
various body sites by different means. The 
results consistently showed that cell cycle 
progression, DNA replication and differ-
entiation coexist in suprabasal layers of 

or not MYC caused hyperplasia in mouse 
skin, terminal differentiation prevailed 
over proliferation, as we had observed 
in human cells in vitro. Consistently, 
MYC function in mouse epidermis also 
involves downregulation of cell adhesion 
molecules.17,18

The fact that active MYC was com-
patible with terminal differentiation was 
in contradiction with the notion that cell 
cycle progression and differentiation were 
incompatible. How could we explain these 
observations? We previously showed that 
human primary keratinocytes continue 
cell cycle progression and DNA replica-
tion during terminal differentiation in 
vitro.19 Terminal differentiation blocks 
cytokinesis, and cells undergo successive 
cycles of DNA replication and growth in 
the absence of cell division (Fig. 2B). This 
phenomenon is referred to as endorep-
lication.20 Interestingly, endoreplication 
allows cells to increase in size, and thus 
it can explain how keratinocytes become 
larger as they differentiate. Moreover, 
endoreplication has a well-known role in 
plant epidermis.21

Endoreplication reconciles MYC acti-
vation of the cell cycle with epidermal 
differentiation. Does endoreplication have 
a physiological role in the epidermis? To 
answer this question we chose two differ-
ent approaches: (1) inactivation of MYC 
in mouse epidermis and (2) determining 
whether endoreplication takes place in 
human epidermis.

We took advantage of the tissue-spe-
cific knockout technology to inactivate 
MYC in mouse epidermis by use of the 
recombinase CRE upon the promoter of 
the keratinocyte-specific keratin K5.22 
Mice with complete loss of MYC in the 
epidermis were viable, and adults had a 
differentiated skin, showing that kerati-
nocytes do not need MYC to divide and 
differentiate.23 However, MYC-deficient 
epidermis contained smaller keratinocytes 
and a smaller proportion of polyploid cells 
than their normal littermates. As a conse-
quence, MYC-deficient skin was impaired 
in plasticity and integrity. The skin ripped 
off in areas of mechanical tension, and 
wound healing was inefficient. MYC was 
dispensable for the division of stem cells, 
but it was requisite for their capacity to 
amplify and undergo rapid proliferation. 

Figure 2. MYC drives epidermal differentiation and endoreplication. (A) Overactivation of MYC 
in human keratinocytes downregulates cell adhesion integrins and drives stem cells into active 
cell cycle and clonal expansion, thus committing them to terminal differentiation.10 the function 
of MYC in epidermis becomes clearer if the keratinocyte clonal expansion phase is considered 
as part of the differentiation program (light blue). (B) By driving the keratinocyte cell cycle but 
not cell division, overactivation of MYC induces cell size increase and endoreplication, part of the 
normal differentiation program.19,23,29,46,51
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in dividing cells.41-43 Therefore, strong evi-
dence indicates that keratinocytes cease 
cell division as they detach from the base-
ment membrane within the basal layer. In 
our analyses, most cells expressing mitotic 
Cyclins within the basal and peribasal lay-
ers were also expressing the post-mitotic 
keratin cytoskeleton K1/K10 (Fig. 3A). 
Those cells continued DNA replication, 
increased in ploidy and contained dupli-
cated centrosomes.29,44

A Cell Cycle-Differentiation  
Checkpoint

Endoreplication per se is interesting, 
and very enlightening reviews cover this 
topic.20,21,45 Endoreplication has likely 
important functions in epidermis such as 
cell enlargement, increase of genes copy 
number, limiting the number of cell divi-
sions and others. The issue of this essay is 
how epidermis coordinates cell cycle with 
differentiation. Endoreplication is conse-
quence of a mitosis-defective cell cycle, 
and, thus, it reveals that the key control 
in keratinocyte proliferation might not 
be G

1
/S but G

2
/M. This not only may 

change the way we see skin homeosta-
sis, but also the understanding of skin 
epithelial carcinogenesis. If the critical 
checkpoint is at mitosis, then oncogenic 
alterations driving cell cycle entry would 
not be tumorigenic, since the mitotic con-
trol would block cell division and trigger 
differentiation (Fig. 3B). This would be a 
simple way to explain why overexpression 
of oncogenes or G

1
/S regulators in epider-

mis results in hyperplasia with hyperkera-
tosis and not in tumorigenesis.

We hypothesized that cell cycle hyper-
activation and deregulation might trigger 
differentiation as an anti-oncogenic self-
defense mechanism. To demonstrate this 
we needed to find two connections:

(1) That a keratinocyte mitosis block 
triggers epidermal terminal differentiation.

(2) That cell cycle hyperactivation in 
keratinocytes results in a mitosis block.

(1) Aiming to answer this question, 
we blocked primary keratinocytes in 
G

2
/M with various different chemical or 

molecular agents, including nocodazole, 
cdk chemical inhibitors and a topoisom-
erase inhibitor (ICRF193), or bleomycin, 
that causes DNA double-strand breaks. 

Although, as it would be expected, some 
cells within the basal layer were on cycle, 
most of the cells expressing mitotic Cyclins 
were migrating into the suprabasal lay-
ers. Patches of Cyclin A-expressing cells, 
including metaphasic figures, were initi-
ating post-mitotic differentiation as they 
begun to stratify (Fig. 3A).

In a steady-state epidermis, suprabasal 
keratinocytes undergo terminal differen-
tiation, and there is wide consensus that 
they can no longer proliferate. Indeed, 
it has been shown that proliferation is 
maintained by cell adhesion integrins 
through interaction with the basement 
membrane.40 In addition, the epider-
mal suprabasal cytoskeleton is formed 
by keratins K1 and K10, which suppress 
proliferation when ectopically expressed 

(accumulation of differentiated lay-
ers); these include E2F,33 Cyclin D1,34,35 
MDM2,36 cdk437 or cdk2.38 Some of the 
authors of these works stated their surprise 
by the persistence of differentiation.

Therefore, a large body of evidence does 
not reconcile well with a cell cycle arrest 
model for keratinocyte differentiation.

The endoreplication model can explain 
these apparent paradoxes. In our studies, 
not only basal keratinocytes continued on 
cycle as they stratified into suprabasal lay-
ers, but it was the more actively Cycling 
cells that initiated terminal differentia-
tion. Even more strikingly, most basal cells 
detaching from the basement membrane, 
sometimes referred to as “mushroom cells” 
due to the stalk they still have within the 
basal layer,39 were undergoing mitosis. 

Figure 3. actively Cycling clones initiate terminal differentiation and migration. (A) Stem cells (SC; 
yellow) divide in the basal layer (1); some daughter cells stay as stem cells; others activate the cell 
cycle and enter a phase of clonal expansion or amplification (2; CaC; red, Cyclin a positive); as the 
cell cycle accelerates, the group of cells blocks mitosis, initiates terminal differentiation (keratins 
K1 and K10, green) and migrates into suprabasal layers (3). Some cells still divide their nucleus 
(endomitosis); subsequently, the nuclei undergo re-replication. top micrographs correspond to 
immunofluorescent detection of Cyclin a (red), keratin K1 (green) DNa (blue) on different areas of 
a microsection from normal skin. BM, basement membrane; Bar: 40 μm. For more details and cell 
cycle markers see ref. 29. (B) By linking terminal differentiation to cell cycle hyperactivation, epi-
dermis can coordinate proliferation with differentiation and maintain tissue structure upon hyper-
proliferative stimuli. Cell cycle hyperactivation then simply increases the epidermal turnover. red 
are cells with the capacity to divide; green are post-mitotic terminally differentiating cells.
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E induced the p53/p21 pathway, a typical 
response to DNA damage. Interestingly, 
activation of conditional MYC in primary 
keratinocytes, that induces p53 and p21, 
also upregulates Cyclin E.46,51 Moreover, 
knocking-down Cyclin E by specific 
shRNAs attenuated MYC-induced dif-
ferentiation, suggesting that this process 
is mediated by cell cycle hyperactivation. 
Our model is therefore that the deregula-
tion of the keratinocyte cell cycle produces 
DNA damage up to a threshold when the 
cell cannot repair it. This would alarm the 
cell cycle checkpoints that block mitosis. 
The mitosis block would then trigger ter-
minal differentiation (Fig. 4).

The next missing link is the mecha-
nism by which a mitosis block switches 
on terminal differentiation. Here we need 
to speculate further. Cell adhesion to 
the basement membrane via integrins is 

chemicals causing genotoxic insult trig-
gered differentiation. In addition, it was 
proposed that MYC and other onco-
genes might cause genomic instabil-
ity by provoking DNA damage,47,48 and 
this is likely mediated by “replication 
stress.” Replication stress can be caused 
by accelerated DNA replication (hyper-
replication), due to errors of chain synthe-
sis or to depletion of cellular nucleotide 
pools.49,50 DNA damage can trigger cell 
cycle checkpoints leading to apoptosis or 
senescence. Our rationale was therefore 
that Cyclin E might push the keratino-
cyte cell cycle, inducing too many errors, 
which eventually would trigger the mito-
sis checkpoints. Consistently, overexpres-
sion of Cyclin E in keratinocytes caused 
accumulated DNA damage as measured 
by phosphorylation of γ-H2AX, an early 
marker of DNA repair. Moreover, Cyclin 

In addition, we made use of inhibitors of 
Aurora B and Polo-like kinases, compo-
nents of the mitosis spindle checkpoint. 
Finally, we knocked-down the endog-
enous mitosis kinase cdk1 or Aurora B 
kinase by specific shRNAs or siRNAs. 
All these treatments blocked keratino-
cyte mitosis yet allowed DNA replication, 
raised the polyploidy index and strikingly 
induced terminal differentiation.19,29,46

(2) Activation of MYCER in keratino-
cytes rapidly induces cell cycle activation 
prior to the increase of post-mitotic termi-
nal differentiation.46 However, MYC tran-
scription factor elicits pleiotropic cellular 
effects, and we needed a direct and clean 
activation of the cell cycle that pushed 
DNA replication. To this end we con-
structed a retroviral vector carrying a GFP 
form of Cyclin E. Cyclin E accumulates 
during epidermal differentiation,29 and 
it is widely involved in animal and plant 
endoreplication.20,21,45 Overexpression of 
Cyclin E in keratinocytes has had reveal-
ing consequences.

Human primary keratinocytes overex-
pressing Cyclin E-GFP, as expected, had 
a higher index of cdk2 activity, Cycling 
cells and DNA replication.46 Interestingly, 
Cyclin E-GFP also caused increased 
polyploidy and multinucleate cells, con-
sequences of mitosis failure. What was 
more striking, the keratinocyte clonogenic 
potential was reduced, and the proportion 
of large, differentiating cells increased very 
significantly. Ectopic Cyclin E in kerati-
nocytes caused no senescence or apoptosis, 
but terminal differentiation. By accelerat-
ing the cell cycle, Cyclin E also accelerated 
the differentiation program.

Missing Links

We have shown both that a mitosis block 
triggers keratinocyte differentiation, and 
that cell cycle hyperactivation blocks the 
keratinocyte mitosis. This suggests an 
exciting and simple model for the epider-
mal maintenance of tissue structure upon 
cell cycle stimuli, where differentiation is 
linked to cell cycle deregulation (Fig. 3B). 
However, the first missing link is a mecha-
nism that can translate cell cycle hyperac-
tivation into a mitosis block.

As discussed, we had shown that 
treatment of primary keratinocytes with 

Figure 4. Molecular control of epidermal oncogene-induced differentiation. By deregulating the 
cell cycle, overexpression of Cyclin E in keratinocytes causes DNa damage (possibly by replica-
tion stress); this induces DNa damage responses including the mitosis checkpoints that block cell 
division; this triggers cell size increase, terminal differentiation and DNa re-replication; transient 
p21CiP1 is able to inhibit both cdk2 and cdk1, but the high amounts of Cyclin E may make less  
efficient the inhibition of S phase-cdk2.46

Table 1. Presence in scientific literature

PubMed Google scholar

“Oncogene-induced senescence” 178 2920

“Oncogene-induced apoptosis” 17 294

“Oncogene-induced differentiation” 0 29

“Oncogene-induced terminal differentiation” 0 0

“Differentiation checkpoint” 12 136

“Differentiation checkpoint” in title 4 Not available

“terminal differentiation checkpoint” 0 3
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allows DNA re-replication and cell size 
increase.57-59 In keratinocytes, transient 
binding of p21 to cdk1 peaks by the time 
when they irreversibly lose their capac-
ity to proliferate.46 P21 is also transiently 
expressed in post-mitotic peribasal cells 
of skin (ref. 31 and references therein). 
However, constitutive overexpression of 
p21 in keratinocytes inhibited both the 
cell cycle and differentiation.30,31

In endoreplicating systems, the induc-
tion of p21 might need to be transient in 
order for cdk2 to continue DNA replica-
tion once mitosis is irreversibly blocked. 
We have studied this issue in human leu-
kemia myeloid cells K562. Upon certain 
stimuli, these cells undergo megakaryo-
cytic differentiation involving endorep-
lication. Interestingly, overexpression of 
p21 induces differentiation in a propor-
tion of cells that become polyploid.60 
However, the expression of p21 needs to 
be transient to allow full extent of poly-
ploidy and differentiation.61 The cell cycle 
analyses during p21-induced megakaryo-
cytic differentiation and keratinocyte 
differentiation provides revealing similari-
ties.46,61 In differentiating K562, S phase 
Cyclins are also increased, while DNA 
replication continues, mitotic Cyclins are 
inhibited and p21 is transiently induced. 
In both cell systems Cyclin E induces 
endoreplication.46,62

As stated before, keratinocytes are not 
the only primary system in which MYC 
stimulates differentiation (reviewed in ref. 
2). MYC tends to stimulate differentiation 
when the normal process is concomitant 
with active cell growth or rapid prolifera-
tion, as it is the case of keratinocytes or 
some hematopoietic lineages. In K562 
cells, which lack functional p53, ecto-
pic MYC appears to favor mainly apop-
tosis. However, when p21 is transiently 
expressed in the presence of exogenous 
MYC, it protects K562 cells from apopto-
sis, and instead, they undergo megakaryo-
cytic differentiation, increased cell size 
and polyploidization.61

Therefore, MYC is capable to induce 
differentiation in certain circumstances 
or cell lineages. Why does MYC in some 
cases inhibit and in others stimulate dif-
ferentiation? Our results in keratinocytes 
suggest the existence of a mitosis-differ-
entiation checkpoint.29,46 We and others 

Molecular Switch

Our results indicate that as keratino-
cytes undergo rapid proliferation, they 
become uninhibited, and the cell cycle 
is deregulated. The mitosis block would 
prevent cells from uncontrolled prolif-
eration. Accumulation of Cyclin E or 
other cell cycle activators might limit 
the number of cell divisions that kera-
tinocytes can undergo before they enter 
terminal differentiation. While the cell 
cycle accelerates, Cyclin E accumulates; 
Rb is downregulated; mitotic Cyclins 
A and B and kinase cdk1 are inhibited 
(Fig. 4 and refs. 29 and 46 and refer-
ences therein). All these changes occur 
as proliferative keratinocytes irrevers-
ibly commit to terminal differentiation. 
Concomitantly, cdk inhibitor p21CIP1 
(p21) is transiently induced.30,31,56 P21 has 
been shown to bind cdk2 complexes and 
block cells in G

1
 or to bind cdk1 com-

plexes and block cells in G
2
/M, which 

known to critically control keratinocyte 
proliferation and differentiation. Twice 
less the amount of integrin molecules 
on the surface can suffice for a daughter 
of a stem cell to enter differentiation.52 
Elegant models for a link between cell size 
and signaling have been proposed.53,54 As 
a result of a sustained mitosis block, the 
cell enlarges, and the increased size might 
make cell adhesion molecules relatively 
less important (Fig. 5A). Cells might lose 
adherence and be pushed by neighbor 
more strongly adherent cells. A similar 
phenomenon may act in some processes 
of anoikis (loss of anchorage-induced 
apoptosis). This provides a mechanism 
by which mitosis checkpoints may control 
epidermal cell fate, but it is merely hypo-
thetical and difficult to prove. In kerati-
nocytes, the model would be in agreement 
with studies on mouse epidermis, suggest-
ing that asymmetric cell division might 
promote keratinocyte stratification and 
differentiation.55

Figure 5. Proposed models for the control of epidermal cell fate by mitosis and the dual role of 
MYC in differentiation. (A) Cell adhesion integrins maintain keratinocyte proliferation, and their 
inhibition triggers differentiation;40 a sustained mitosis block in keratinocytes would increase their 
cell volume, and this may result in loss of adherence via integrins; they would then be pushed 
to stratify by neighboring, more strongly adherent cells. (B) in systems where overactivation of 
MYC has no direct action on mitosis, cell fate would result in proliferation when cell division is al-
lowed, but it would result in apoptosis or differentiation, depending on the cell type and context, 
when cell division is blocked. Similarly, MYC may inhibit differentiation processes that require cell 
growth arrest (G0-), but it may stimulate differentiation processes that involve cellular growth or 
cell size increase (Growth-).
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Might this mechanism exist in other 
human differentiating tissues? Although it 
is nowadays well-accepted that oncogenes 
can induce apoptosis (OIA) or senescence 
(OIS) to counterbalance their effect on 
cell multiplication, the existence of an 
oncogene-induced differentiation response 
(OID) has been largely unexplored.

The finding that oncogenes can cause 
DNA damage provides a link between 
their activity and differentiation through 
the cell cycle checkpoints. Some recent and 
old works have found further evidence for 
such kind of checkpoints. Very recently, a 
lymphoid differentiation response to DNA 
damage limiting self-renewal has been 
reported in hematopoietic cells,76 and a 
G

2
-mitosis checkpoint has been proposed 

to control trophoblast differentiation into 
polyploid giant cells.77 Previously, a nega-
tive relationship was established between 
genotoxic insult and myogenic differentia-
tion.78,79 Much earlier, oncogenic forms of 
the Ras signal transduction family were 
shown to trigger neuron differentiation of 

Oncogene-Induced Differentiation

In self-renewing tissues involving con-
tinuous cell proliferation and differen-
tiation, it is critical that the number of 
cells differentiating equals the number of 
cells produced. Upon a stimulus to grow 
such as the affluence of blood serum after 
injury or potentially oncogenic mutations, 
the balance must be maintained. When 
the cell cycle accelerates, a brake sys-
tem must be established. By linking cell 
cycle hyperactivation to differentiation 
through DNA damage, both processes 
are chained. The outcome is orchestrat-
ing proliferation with differentiation. 
Within these lines, it is interesting to note 
that columns of stratifying cells harbor-
ing p53 mutations are present in normal 
skin.75 Therefore, although p53 accumu-
lation has been associated with apoptosis 
after severe damage13 in steady-state epi-
dermis, damaged keratinocytes might be 
“expelled” from the tissue by means of 
differentiation.

have suggested that at least in some cell 
lineages, the consequences of MYC action 
on proliferation might depend on whether 
mitosis is active or inactive.23,63 When cell 
division is impaired, the stimulus to grow 
is sustained, and the cell is protected from 
mitotic catastrophe (apoptosis), then the 
cell continues to grow. Consistently, we 
previously proposed that keratinocyte 
differentiation may share pathways with 
apoptosis.64,65 Therefore, it is tempting 
to speculate that in self-renewal systems, 
MYC, by pushing cellular growth, blocks 
processes of differentiation that require 
cell growth arrest (small size), such as 
erythrocyte differentiation (reviewed in 
ref. 7), whereas it stimulates processes 
of differentiation that involve active 
cell cycle and cellular growth (cell size 
increase; Fig. 5B). MYC might even 
have different effects on differentiation 
within the same cell lineage depending 
on whether the stage at which it is acti-
vated requires or not cellular growth. For 
instance, in embryo or neonatal liver, 
MYC induced neoplasia, whereas in adult 
liver, it induced cell size increase and 
polyploidy.66

Although, in some cases, the inhibitory 
effect of MYC on differentiation was inde-
pendent on the cell cycle,7 it might drive 
cells out of G

0
 in a G

1
 growth-active state. 

Cell cycle-independent effects of MYC 
on differentiation can, in some cells, be 
driven by its post-translational modifi-
cations, such as protein cleavage and re-
localization in muscle differentiation,67 or 
phosphorylation in retinoic acid modula-
tion of leukemia cells.68

Paradoxical effects on cell fate depend-
ing on the state of the cell cycle, reminis-
cent of those of MYC but in the opposite 
sense, have been observed for the p53 
pathway. Whereas, by halting the cell 
cycle, p53 is able to inhibit osteoblast 
or thymocyte maturation,69-71 it induces 
markers of erythrocyte differentiation in 
K562 cells.72 Consistently, overexpres-
sion of cdk2 inhibitor p27KIP1 in these 
cells also induces erythrocyte differen-
tiation.60 p53 can also elicit alternative 
effects on cellular senescence depending 
on the crosstalk with the mTOR growth-
transduction pathway through the cell 
cycle-inhibitor p21CIP1 in fibrosarcoma 
cells.73,74

Figure 6. Linking proliferation with differentiation orchestrates homeostasis. (A) in developing 
or self-renewing cell systems such as epidermis, a quiescence phase (Q) between proliferation (P) 
and differentiation (D) would need to be controlled by a complex dialog of soluble and non-solu-
ble factors (arrows); any alteration of one of the connexions (red) would alter the system (long red 
line). (B) Linking differentiation to cell cycle hyperactivation through a mitosis block would auto-
matically coordinate cell numbers. the evidence for such a link in human epidermis: cell growth, 
DNa replication and differentiation coexist; there is a G2/M accumulation in differentiation; there 
is a link between G2/M and the start of differentiation; a mitosis block triggers differentiation; cell 
cycle hyperactivation triggers a mitosis block and differentiation.29,46 white are proliferative cells; 
brown are differentiating cells.
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PC12 cells (e.g., ref. 80). Although KRas 
is frequently activated in colorectal carci-
noma, in some cases oncogenic Ras has 
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tion70,71 might also depend on cell cycle 
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A rapid analysis of the terms “onco-
gene-induced differentiation” or “differen-
tiation checkpoint” in two important web 
scientific databases show that the notion 
has been scarcely employed (Table 1). 
Yet, the coordination between prolifera-
tion and differentiation is essential to tis-
sue homeostasis, development and cancer 
(Fig. 6). The question now is whether cell 
cycle-induced differentiation checkpoints 
have still been poorly documented because 
they are restricted to a few cell systems, 
or because they have so far received little 
attention.

In summary, an oncogene- or cell 
cycle-induced differentiation checkpoint 
analogous to the alarms that result in 
apoptosis or senescence might trigger ter-
minal differentiation in some cell systems 
as an automatic homeostasis-maintenance 
mechanism.
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